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DETECTION OF RESONATOR MOTION USING PIEZORESISTIVE 

SIGNAL DOWNMIXING 

CROSS-REFERENCE TO RELATED APPLICATIONS 
[0001] This application is a continuation-in-part of U.S. Application Serial No. 
11/010,578 filed December 14, 2004. This application also claims benefit of priority 
of both U.S. Provisional Application Serial No. 60/562,652, filed April 15, 2004, and 
U.S. Provisional Application Serial No. 60/547,168, which was assigned a filing date 
of February 25, 2004. All of the above mentioned applications are incorporated 
herein by reference in their entirety. 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR 

DEVELOPMENT 

[0002] The U.S. Government may have certain rights in this invention pursuant to 
grant number ECS-0O89061 firom the NSF and grant numbers DSO-MOSAIC 
NOOO 14-02- 1-0602 and MTO/SPAWAR N6600 1-02- 1-89 14 firom DARPA. 

BACKGROUND OF THE INVENTION 

L Field of the Invention 

[0003] This invention is related to micro-eleclxo-mechanical systems (MEMS) and 
nano-electro-mechanical systems (NEMS). 

2. Description of the Prior Art 

[0004] The field of microelectromechanical systems (MEMS) has received increased 
attention in recent years in both the scientific and technological realms. Recent 
experimental efforts have expanded this field into the nanometer-scale regime (so- 
called nanoelectromechianical devices, or NEMS), increasing operating frequencies to 
the megahertz or even gigahertz range. At such frequencies a host of new 
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applications become possible, from sensitive ctiarge detection, to mass sensing, 
biological imaging, and quantum measurement. 

[0005] Current methods for displacement detection in NEMS include magnetomotive, 
optical interferometric, and single electron transistor techniques. An altemate method 
utilizes piezoresistive strain sensors integrated diresctly into the device. Piezoresistors 
have previously been incorporated into microsca-le cantilevers and used in atomic 
force microscopy, data storage, and biosensing. 

[0006] The piezoresistor containing devices achi&^e high strain sensitivity by using 
semiconductor-based piezoresistors, primarily dop ed Si or AlGaAs. Compared with 
other detection methods, piezoresistive systems Ixave the advantages of being fully 
integrated sensors that operate from room temperatme down to at least 4 K and do not 
require a magnetic field. Resonance detection of cantilevers up to 9 MHz has been 
achieved previously using doped Si piezoresistors. Generally, direct current (DC) 
biasing is used in the piezoresistive resonance detection of cantilevers. 

[0007] However, it has proved difficult to achie^ve high quality results using the 
piezoresistive technique in NEMS due to the intrinsically high resistances (5-100 kQ) 
of these devices, which leads to frequency-dependent signal attenuation at MHz 
frequencies if direct current detection is used. Suich attenuation poses a significant 
limitation to this method as the resonance frequencies are increased to the high- 
frequency range and beyond. 

[0008] One way of handling this frequency-de^pendent transmission loss is to 
transfomi the impedance of the NEMS device down to 50 Ohm by insertixag 
appropriate circuitry before the transmission line. However, this may be difficult if 
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the impedance mismatch ratio is greater thaa 100 and impractical if the same 
detection setup is to be used with many devices of different frequencies. 

BRIEF SUMMARY OF THE INVENTION 
[0009] An embodiment of the invention provides a system containing a micro- 
mechanical or nano-mechanical device and a method of operatmg the same. The 
device includes a resonator and a piezoresistive element connected to the resonator. 
The method includes AC biasing the piezoresistive element at a first frequency, 
driving the resonator at a second frequency different from the first frequency, and 
detecting a mechanical response of the resonator at one or both of a difference 
frequency and a sum frequency of the first and second frequencies. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0010] Figure lA is a schematic of a circuit with a DC readout scheme. 

[0011] Figure IB is a schematic of a circuit of the first embodiment of the present 
invention, 

[0012] Figure 2A is a scanning electron micrograph of a cantilever according to an 
example of the first embodiment of the invention. 

[0013] Figure 2B is an optical micrograph of a cantilever and dummy resistor 
according to an example of the first embodunent of the invention. Three gold leads at 
the bottom of the image connect the components to the rest of the circuit shown in 
Figure IB. 

[0014] Figures 3 A and 3B are plots of signal amplitude versus frequency. The plot in 
Figure 3 A was measured using the down conversion scheme of the first embodiment 
of the invention and the plot in Figure 3B was measured directly with a network 
analyzer. 
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[0015] Figure 4 is a plot of voltage noise versus frequency which illustrates 
thermomechanical noise peaks from the ftindamental vibration modej of a 2.6 micron 
long cantilever. The inset shows one of the noise peaks from the second vibration 
mode of the same cantilever. 

[0016] Figure 5 A is a three dimensional schematic view of a device according to an 
embodiment of the invention. 

[0017] Figure 5B is an SEM image of an AFM probe according to an embodiment of 
the invention. 

[0018] Figures 7A and 7B are schematics of a testing set up used to tesst the devices of 
one example of the present invention. 

[0019] Figures 6 and 8 are plots of piezoresistive response of devices of an 
embodiment of the invention. 

[0020] Figure 9 is a plot of a noise spectnun from a metallic thin film jpiezoresistor, 

[0021] Figure 1 OA is a 3D topographical image obtained from direct optical tapping 
mode AFM. Figure 1 OB is a 3D topographical image obtaine<i from lock-m 
measurement of the metallic thin film piezoresistor. 

[0022] Figures 11 and 12A-12F show steps in the manufacture of ^ device of the 
second embodiment of the invention. 

[0023] Figure 13 is a top view of an in-process device of the second embodiment of 
the invention. 

[0024] Figure 14 is a micrograph of an SPM probe of the second embodiment of the 
invention. 
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[0025] Figures 15 and 16 are plots of power and Sv versus frequency, respectively, for 
an SPM probe of the second embodiment of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

1 . First Embodiment 

[0026] In a first embodiment of the invention, the present inventors have developed a 
system and method for measuring RF-range resonance properties of nano- or micro- 
mechanical devices which comprise entire or parts of micro- or nano-electro- 
mechanical systems (MEMS and NEMS, respectively), with integrated piezoresistive 
strain detectors serving as signal downmixers. Preferably but not necessarily, the 
piezoresistive elements comprise thin fihn elements and the technique takes 
advantage of the high strain sensitivity of thin fihn piezoresistors, while overcoming 
the problem of RF signal attenuation due to a high source impedance. The technique 
also reduces the effect of the cross-talk between the detector and actuator circuits. 
The method also allows a way to circumvent the problem of impedance mismatch and 
extends the usabihty of low-frequency, high-input-hnpedance preamphfiers and other 
equipment. 

[0027] ]h one aspect of the first embodiment, the method includes using AC biasing 
and the intrinsic properties of the piezoresistor to perform heterodyne downmixing of 
the signal to a much lower frequency, which can then be detected by standard 
circuitry without significant signal loss. Not only does this increase the detected 
signal, it also reduces unwanted background from the cross-talk between the detector 
and actuator circuits. In one example described below, this dowrmiixing scheme is 
applied to the detection of mechanical response of cantilever NEMS with fijindamental 
mode frequencies of 5-25 MHz to achieve thermal noise-Umited detection of 
mechanical resonances in these devices at room temperature, demonstrating the 
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ultimate sensitivity of dowmnixed piezoresistive signal detection in resonaoit high- 
frequency NEMS applications. In another example described below, this 
downmixing scheme is applied to the detection of mechanical response of a cantilever 
probe resonator in an atomic force microscope (AFM) (i.e., in a MEMS application). 
It should be noted that the term 'Mechanical response" is not limited to mec^hanical 
displacement (i.e., movement), and includes other mechanical responses, such as 
stress. Thus, while the examples illustrate the detection of mechanical displacement 
of a resonator, the amount of stress in the resonator can also be detected inste^ad of or 
in addition to the detection of the mechanical displacement. For example, w^hen the 
system containing the resonator comprises a chemical or biological sensor, ttie stress 
in the resonator arising from binding of chemical or biological species to the resonator 
may be detected. 

[0028] Figure lA illustrates the difficulties in a prior art method of applying low- 
frequency techniques to high-frequency piezoresistive NEMS. In most applications, 
the piezoresistor Rc is placed in a bridge or half-bridge configuration with a fixed 
dimmiy resistor Rd. For simplicity, it is assumed that Rc=Rd = R when the ISTEMS is 
at rest. The ends of the resistors are oppositely DC biased at and - so that 

the voltage at the bridge point is zero when the KEMS is not moving. "VOien the 
NEMS is driven at a frequency w^, Rc gains a time-dependent component: i?^ = i? + 
ARcos(wdt + <z5), where a typical value of AR/R ^10"^. This resistance variation 

produces the standard resistance-bridge voltage Vout «Vb(Ai2/^i?) cos(m^^/ + (z!5) at the 
bridge point. 

[0029] To measure Vouh the bridge output must be connected in some way to a circuit, 
e.g., the input of a high-input-impedance preamplifier. At moderatel^^ high 
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frequencies (< 30 MHz), this effectively introduces capacitances Cpar to ground in 
parallel with the cantilever and dummy resistor, effectively forming a low-pass filter 
with a cut-off frequency of (jcRCpary^. With typical amplifier-input and cabbie 
capacitances Cpar > 1 0 pF, and R > 1 0 kl2 , the AC output is strongly attenuateci at 
Wdl2'K> 2 MHz. At very high frequencies, the measurements are fiirther complica^ted 
by cable resonances. 

[0030] Figure IB illustrates a circuit schematic of a system 101 according to one 
example of the first embodiment of the invention. The system includes a mic^xo- 
mechanical or nano-mechanical device 103. The device 103 may comprises ibr 
example, a scanning probe microscope (SPM) probe, such as an AFM probe, a mass 
sensor, a charge sensor, a force sensor, a pressure sensor, a flow sensor, a chemioal 
sensor, a biological sensor, an inertial sensor, a biological imaging device or any ottier 
suitable device which comprises an entire MEMS or NEMS or a portion thereof 

[0031] The device 103 includes a resonator and a piezoresistive element connected to 
the resonator (not shown in Figure IB for clarity). The resonator may comprise a 
cantilever, a torsional resonator, a doubly clamped beam, a diaphragm resonator, 
which are described in more detail below, or any other type of resonating elemexit. 
The piezoresistive element may comprise a thin fihn which is coated on a surface of 
the resonator or which is encapsulated in whole or in part within the resonator. For 
example, the piezoresistive element may comprise a metal or semiconductor fiLm 
coated on a surface of the resonator. Alternatively, the resonator may comprise a 
doped region in a portion of a semiconductor cantilever, such as a p+ doped region dn 
a silicon cantilever. 
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[0032] The system 101 also includes an AC bias source 105. The AC bias source is 
electrically connected to the piezoresistive element of the device 103. In other words, 
the source 105 is either directly or indirectly connected to the piezoresistive element 
to provide an AC bias (i.e., an alternating voltage) to the piezoresistive element at a 
first frequency, o^b, which will be described in more detail below. 

[0033] The system 101 also includes an AC drive source 107. The AC drive source 
107 is operatively coimected to the resonator of the device 103. In other words, the 
source 107 is either directly or indirectly comiected to the device 103 to drive the 
resonator of the device 103 at a second frequency, co^, different from the first 
frequency. For example, the AC drive source 107 may be electrically coimected to a 
piezoactuator (not shown in Figure 1) which is adapted to oscillate the resonator of 
the device 103 at the second frequency. Preferably, the second frequency comprises 
the resonator's resonance frequency and which differs from the first frequency by 100 
kHz or less. 

[0034] The system 101 also includes a phase sensitive detector 109. The detector is 
electrically connected to the piezoresistive element of the device and is adapted to 
detect a mechanical response of the resonator. In other words, the detector is adapted 
to receive an electrical signal from the piezoresistive element to detect a mechanical 
response of the resonator, such as the oscillation or changes in oscillation of the 
resonator. Preferably, the detector 109 comprises a lock-in amplifier, but may 
comprise other suitable phase sensitive detectors. The detector 109 is adapted to 
detect the mechanical response of the resonator at one or both of a difference 
frequency and a sum frequency of the first and second frequencies. Preferably, the 
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detection is conducted at the difference frequency, as will be described in more detail 
below, 

[0035] The system 101 also contains a dummy resistor 111 located in a bridge 
configuration (i.e., in series) with the device 103. The AC bias source 105 provides a 
first voltage (Vb) having the first frequency to both the piezoresistive element of the 
device 103 and to the resistor 111. For example, the AC bias source provides 
balanced biasing at frequency Ob to the piezoresistive element of the device 103 and 
to the resistor 111 via a power spHtter 113 and a 1 80 degree power splitter 115. 

[0036] The system 101 also contains a first low pass filter 117 whose output is 
electrically connected to an input of the lock-in amplifier 109 and whose input is 
electrically connected to a bridge point between the resistor 111 and the device 103. 
The downmixed output from the bridge point is provided through the filter 117, then 
amplified in amplifier 119, and then provided into the lock-in amplifier 109. 

[0037] The system 101 also contains a mixer 121 whose first input is electrically 
connected to an output of the AC bias source 105, whose second input is electrically 
connected to an output of the AC drive source 107, and whose output is electrically 
connected via a second low pass filter 123 to a reference input of the lock-in amplifier 
109. For example, the AC bias source 105 is connected to the mixer 121 via the first 
power splitter 113 and tlie AC drive source 107 is connected to the mixer 121 via a 
second power splitter 125. The mixer 121 provides a downmixed reference signal to 
the lock-in amplifier 109. 

[0038] In the method of using the system 101 of Figure IB, the piezoresistive element 
(i.e., piezoresistor) is used to downmix the displacement signal to a lower frequency. 
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This is achieved by appljang an AC voltage Vb(t) = Vto cos(y^bt) from AC bias source 
105 across the device 103 and resistor 111 at a frequency w^^ offset from the drive 
frequency by an amoxmt Aw — w^. Using the 180° power spHtter 115, the voltage 
is applied oppositely to the ends of the device 103 and resistor 111, to null th^ bias 
voltage at the bridge point. The bias produces an AC current I(t) = Vbo co^{Wbt)^(Rd + 
jRc); to leading order in AR/R^ the output voltage, Vout then becomes: 



[0039] Thus, the output signal at the bridge point contains two freqtiency 
components, at the sum and difference of the drive and bias frequencies. With Aw 
sufficiently small, preferably 200 kHz or less, such as 100 kHz or less, the 
downmixed frequency component is attenuated niinimally by the parallel 
capacitances. The oulput is then sent through the low pass filter 117 to remove any 
residual carrier and the upper sideband, amplified in amplifier 119, and finalLy fed 
into the lock-in amplifier 109 for detection. The lock-m reference is generated by 
splitting off the bias and drive voltages with power splitters 113 and 125 and sexiding 
the voltages into a mixer 121, such as any commercial mixer, which generates a 
dowimiixed signal in parallel with the device 103. 

[0040] This electromechanical downmixing effect is a fiiUy linear property of the 
piezoresistor. The piezoresistor down-converts any signal to an amplitude half that 
of the signal that would be generated with a DC bias of the same magnitude. In 
contrast, any parasitic cross-talk signal from the actuation circuit would need to pass 
through m element with a nonlinear I-V response in order to mix with the? bias 
voltage down to the frequency Aw. The I-V nonlinearity of the piezoresistors of the 




jros(AuPfc - 0) f cos ({2uj,i h Au;)t + 0)| . 
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examples of the present invention is quite small, so that even extremely weak 
displacement signals can be downmixed and extracted from the device with minimal 
attenuation and background. 

A. First Example Of First Embodiment 
[0041] In a first example of the first embodiment, the downmixing scheme is tested 
using high-frequency piezoresistive cantilevers as the NEMS device 103. The 
cantilevers are fabricated from silicon-on-insulator (SOI) wafers, where the top Si 
layer consists of 80 nm Si plus a 30 nm layer of boron-doped p-Si to act as the 
piezoresistive strain sensor (i.e., a semiconductor piezoresistive film). The cantilevers 
were fabricated in a manner similar to that of described in J. A. Harley and T. W. 
Keroay, Appl. Phys. Lett. 75, 289 (1999), where a backside KOH etch suspends the 
top Si layer as a membrane, and a combination of electron beam lithography, liftoff, 
and fluorine/chlorine-based plasma etching steps forms the cantilever from the 
membrane. A typical cantilever is shown in Fig. 2A. Cantilever lengths ranged 
between about 2-3 /im and widths were approximately 700 nm. For example, the 
exemplary cantilever shown in Figure 2 A is 3.2 microns long, 700 nm wide and 110 
nm thick. The cantilever includes a notch and leg portions surroimding the notch. 
The piezoresistive film is located at least on the leg portions of the cantilever. 

[0042] As shown in Fig. 2B, the dummy resistor 1 1 1 is fabricated on-chip using the 
same p-Si material that provides the cantilever strain sensor, in order to minimize 
parallel capacitances. The cantilever and dummy resistances varied from device to 
device, and are in the range of 50-150 kS2. The cantilever chip is mounted onto a 
piezoelectric ceramic actuator disk with a thickness of approximately 80 /^m, 
corresponding to a thickness-mode resonance frequency of about 25 MHz. This 
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assembly was in turn mounted onto a circuit board and placed into a vacuum chamber 
for measurements at room temperature. 

[0043] Figure 3 A shows a resonance curve for a L7-^m long cantilever using the 
above described downmixing method. Here Vbo = 3 V, offset frequency is Aw/27r = 
100 kHz, and a peak-to-peak voltage of 1.9 V is applied to the piezoactuator. The 
amplitude is normalized to drive and bias levels. The resonance is approximately fc = 
24.4 MHz, close to but somewhat below the theoretically predicted fundamental- 
mode resonance frequency of 27 MHz. The square of the voltage signal is 
proportional to the energy in the cantilever. Fitting this quantity to a Lorentzian 
yields a width of 18.2 kHz, implying a quality factor of Q «1300. 

[0044] For comparison, Fig. 3B shows the same cantilever resonance measured in the 
standard DC half-bridge configuration (see M. Tortonese, R. C. Barrett, and C. F. 
Quate, AppL Phys. Lett. 62, 834 (1993)) using a DC bias of 5 V across Rc and Rd and 
a 50-Olmi high-frequency network analyzer for drive (approximately 1 Vp^ and 
detection, hi both measurements no impedance matching had been performed, and 
the signal amphtude is normalized to the drive and bias levels. The resonant signal in 
the dowmnixing scheme is approximately 1000 times larger than in the direct 
measurement scheme. In addition, the relative magnitude of the backgroimd, caused 
by parasitic coupling of the drive signal to the detection circuit, is nearly three orders 
of magnitude smaller in the downmixing case. As a result, the downmixed resonance 
is essentially Lorentzian, while the network analyzer resonance is highly distorted. 

[0045] The downmixing technique is sensitive enough to detect the 
thermomechanical fluctuations of the cantilever when it is not driven extemally. This 
is done by applying only a bias voltage, and, while sweeping the bias, detecting 
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narrowband noise at the offset frequency Aw. Figure 4 shows the thermomechanical 
noise for a 2.6 long cantilever with fundamental mode frequency fc— 1 1.9 MHz, 
using /Sw/l-K =50 kHz. The noise appears as two peaks spaced 100 kHz apart because 
the noise in the cantilever at the resonance frequency is mixed to the 50 kHz reference 
when the bias is either 50 kHz above or below the cantilever resonance. The peak 
noise amplitude agrees with a theoretical estimate based on the previously measured 
piezoresistive gauge factor of similar cantilever devices. Note that the thermal 
conduction calculations predict the cantilever to be approximately 20 K hotter than 
the environment due to Joule heating of the piezoresistor in this experiment. The ofF- 

resonance noise floor of 1 1 0 nV/ -yf Hz is approximately twice that expected from a 

combination of thermomechanical noise and Johnson noise (the preamplifier input 
noise is negligible in the present case). The precise origin of this excess noise is 
unclear. However, the noise floor can be reduced to the expected Johnson noise level 

60 nV/ ^ Hz) by increasing the offset frequency and decreasing the bias voltage, 
while still maintaining the visibiUty of the thermomechanical noise peak on 
resonance. In comparison, the network analyzer measurement has input-referred 
noise amplitude of about 7 n Vl ^ Hz. The thermomechanical noise peak, attenuated 
by more than three orders of magnitude because of the low 50-Ohm input impedance 
of the network analyzer, would be nearly undetectable against this background. 

[0046] Without wishing to be bound by a particular theory, the inventors believe that 
since the peak noise amplitude in Fig. 4 is about twice larger than the off-resonant 
noise floor leads to a conclusion that the thermal excitation is the main source of noise 
in resonant experiments with this device. The corresponding force sensitivity can be 
calculated by using a value of the spring constant k ^0,5 N/m determined from the 
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device dimensions and the elastic properties of Si. When Johnson noise is included, 

the overall resonant force sensitivity at 11.9 MHz is «350 aN/^Hz at room 

temperature, comparable to the lower-frequency cantilever devices studied previously 
(see J. A. Harley and T. W. Kenny, Appl. Phys. Lett. 75, 289 (1999)). 

[0047] The thermomechanical noise peak remains visible in the downmixed scheme 
at even higher frequencies, as demonstrated by detection of the thermal noise peak 
from the second vibration mode of the 11.9-MHz cantilever (inset to Fig. 4), whose 
driven resonance is detected at approximately 71 MHz. This demonstrates that the 
technique as presented here is viable for even smaller NEMS whose ftmdamental 
modes lie in the VHP range, hi addition, while the measurements were perfomied at 
room temperature, both Johnson and thermomechanical voltage noise vary with 
temperature T as ^ T, so that noise-hmited detection of piezoresistive NEMS should 
scale well to lower temperatures as well. 

B. Second Example Of The First Embodiment 
[0048] La a second example of the first embodiment, the heterodyne downmixing 
scheme is illustrated for a micro-mechanical device comprising an AFM probe. 
Figure 5A is a schematic and figure 5B is an SEM image of an exemplary 
micromachined cantilever (i.e., probe) 103 with the following micro-scale 
dimensions: ISOjiim long x 30|am wide x 4|Lim thick. The probe 103 contains a 
cantilever resonator 1, a notch 3, a base 5, legs 7, a metal film 9 and a sharp AFM tip 
13. The metal film 9 acts as the piezoresistive element. However, a semiconductor 
film or doped region may be used instead. Preferably, but not necessarily, the metal 
film 9 is formed on the same side of the cantilever as the tip 13. The specific probe 
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1 03 shown in Figure 5B is designed for tapping mode APM. Similar probes may be 
used for non-contact mode AFM. 

[0049] Figure 6 illustrates a piezoresistance response of a metal film on the cantilever 
similar to that in Figxire 5B according to another aspect of the second example of the 
present invention. The cantilever is 125 microns long, 40 microns wide and 4 
microns thick with a conventional tip. The cantilever is suitable for a self-sensing 
probe 103 designed for tapping mode AFM applications. A gold thin film covers the 
two legs of the cantilever and forms a current loop. A very strong piezoresistance 
response is observed, as shown in Fig. 6. Non-resonant background signal is 
subtracted firom the raw data. The quaUty factor for this specific cantilever is about 
220 in air. Under vacumn conditions, the piezoresistance response is stronger, with 
quality factor rising above 360. The data for vacuum is shifted to the right for better 
visual inspection. 

[0050] Figure 7 A illustrates the measurement set up of the AFM probe 103 and 
Figure 7B schematically illustrates a circuit scheme to measure the piezoresistive 
response of the AFM probe 103 when the probe is used in tapping/non-contact/AC 
mode AFM. As described above, the bias current through piezoresistive element 9 is 
modulated at one frequency, while the cantilever 1 is driven at another, different 
firequency. The mechanical response of the cantilever is detected at their difference 
firequency and/or their sum firequency. 

[0051] Thus, as shown in Figure 7B, the AC drive source 107 is used to drive the 
cantilever 1 through a piezo drive source in the base 5. The drive source 107 is 
synchronized with the AC bias source 105 and the outputs of the AC drive and bias 
sources are provided into different inputs of the mixer 121. The output of the mixer 
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121 is provided through a low pass filter 123 into the lock-in amphfier 109 as a 
reference signal. The AC bias source 105 is used to bias the metal film 9, whose 
output is also provided into the lock-in amplifier 109 through another LPF 117 and 
amplifier 119. In the scheme of Figure 7B, the AC drive source 107 can be used to 
drive the cantilever 1 at resonant frequency, such as 240 kHz for example. Direct 
lock-in measurement can be employed to detect the amplitude of the oscillation. To 
remove the electrical background due to crosstalk, the second example also employs 
the down-mix detection scheme. The sample bias current may be applied at a 
firequency that is 200 kHz or less higher, such as 10-50 kHz higher, for example 20 
kHz higher than the drive firequency (e.g. 260 kHz for a 240 kHz drive firequency). 
Lock in measurement is performed at 20 kHz or 500 kHz, for example. 

[0052] The probe 1 03 is then tested with a commercial AFM system (DI dimension 
3100 system) equipped with a signal access module for extemal signal access and 
control. As shown in Figure 7A, the standard DI probe holder is modified to 
facilitate the testing of the metaUic piezoresistive probes. First, the electrical 
comiections from the chip holder to the AFM headstage are disconnected. Second, 
four wires 31, 33, 35, 37 are soldered to the chip holder to enable an electrical 
connection to the piezo actuator 5 under the probe 103 and connections to two 
electrical contacts pads 39, 41 on the self-sensing probe. The term self-sensing means 
that the probe does not require extemal optics, such as a laser and photodetector to 
measure its mechanical response. The drive signal is applied to piezo actuator 5 
through the AC drive source, such as an extemal fimction generator, 107 (Stanford 
Research System DS345). A bias voltage is supplied across the two legs 7 of the 
cantilever 1 . A resistor 1 1 1 with a resistance value similar to that of the cantilever is 
used as a balance resistor (20.3 Ohms) for extraction of resonant AC signal. The 
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voltage change across the probe 103 is further amplified through a low-noise voltage 
amplifier 119 (Stanford Research System SR560). This oscillating AC voltage is then 
fed into a lock-in ampHfier 109 (Stanford Research System SR830). The measurement 
is locked into the drive signal provided by the function generator, x-output of the 
lock-in amphfier is supplied to one input channel of the nanoscope controller through 
signal access module after the phase extender box. 

[0053] Resonant curves firom electrical measurement are first obtained. Figure 8 
shows three resonant curves firom the same cantilever. Trace 1 (bottom curve) is the 
result fi-om AFM built-in laser deflection measurement. Trace 2 (middle ciarve) is a 
direct electrical lock-in measurement of the cantilever with DC bias cxirrent across the 
piezoresistive element. Trace 3 (upper curve) is an improved measurement resixlt 
with AC bias current across the piezoresistive element (downmixing scheme 
described above). Comparable signal strengths are observed in all three curves, hi 
optical data, side bands due to non-flexural resonance are apparent. They are absent in 
the electrical measurement curves. Apparently electrical measurements are immime 
to the shear motion displayed in the optical measurement data. A comparison between 
trace 2 and trace 3 shows that the downmixing scheme can effectively eliminate the 
cross-talk signal that is usually mevitable in such a measurement. 

[0054] The noise spectrum measurement is then performed on the metallic thin fihn 
containing probe, as shown in Figure 9. Very low noise spectrum is observed. For 
firequency > 1000 Hz, the noise level is below InV/Vttz, smaller than the Johnson 
noise generated by a 50 Ohm resistor at room temperature. Generally speaking, at the 
same firequency range, the noise level in p+ sihcon is about 30 nV/-vfiz. The noise 
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performance of metallic piezoresistor is at least about 30 times better than 
semiconducting Si material. 

[0055] A standard SPM calibration grating is employed to demonstrate the imaging 
capability of the exemplary metallic thin film containing probes. The grating is a 1-D 
array of rectangular Si02 steps on a silicon wafer with 3 micron pitch. The step 
height is 20 nm ± 1 nm. The topographic image shown in Figure lOB is acquired 
from monitoring the output of the lock-in amplifier when AFM is operated at "lift 
mode''. Optical tapping mode AFM image is shown in Figure 1 OA for comparison. 
Even without signal conditioning, the metallic thin-film piezoresistor yields very high 
signal to noise ratio. The image quaUty is comparable to that of the optical 
measiurement result. Thus, the SPM, such as the AFM is used to either determine 
and/or image characteristics of a surface being examined by the AFM probe 103 
based on the piezoresistive response of the metal film 9. In other words, the AFM 
probe may be used to image a surface of a material as shown in Figure lOB or to 
determine one or more characteristics of the surface of a material, as may be carried 
out with an AFM. Furthermore, while not shown in the Figures, a data processing 
device, such as a computer or a dedicated processor, is used to process the signal from 
the AFM probe and the associated equipment, such as the lock-in ampUfier, to create, 
store and/or display the image and/or data corresponding to the surface characteristics. 
A metal film has been described above as the preferred piezoresistive film. However, 
other piezoresistive material films may also be used instead. For example, 
piezoresistive semiconductor fihns, such as doped silicon films, for example p-type 
doped sihcon films, may be formed on resonator surfaces and used to detect 
movement of the resonator. 
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[0056] In all aspects aad examples of the first embodiment of the invention, 
microelectromechamcal and nanoelectromechaoical systems include devices with 
featm*es having a size of 1 micron to 100 microns and 1 nanometer to less than 1 
micron, respectively, in at least one dimension, and preferably in two or three 
dimensions. Preferably, these features comprise movable features or elements, such 
as cantilevers, diaphragms, clamped beams, wires, etc. Microelectromechamcal and 
nanoelectromechanical systems include, but are not limited to, scanning probe 
microscopes ("SPM"), such as atomic force microscopes ("AFM"), force and pressure 
sensors, flow sensors, chemical and biological sensors, and inertial sensors, such as 
accelerometers and motion transducers, mass sensors, charge sensors, and a biological 
imaging devices. For example, chemical and biological sensors may comprise one or 
more cantilevers having a surface coated with a material which selectively binds to a 
chemical or biological analyte (i.e., gas or liquid analyte containing or consisting of 
the chemical or biological species of interest). 

[0057] The term "film" includes relatively thin metal films, having a thickness of 
about 100 nm to about 10 microns, thin metal films, having a thickness of about 10 
nm to about 100 nm, and ultra thin metal films, such as discontinuous or island type 
metal films having a thickness of less than about 10 nm, as will be discussed m more 
detail below. The term "metal" includes pure or essentially pure metals and metal 
alloys. 

[0058] The resonators may be made of any suitable material, such as inorganic 
materials, including semiconductor materials, such as Si, SiC, III-V and II- VI 
materials, insulating materials, such as metal or semiconductor oxides, nitrides or 
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carbicies, including SiN and Si02, glass and even organic materials, such as polymeric 
/ plastic materials. 

[0059] Metal piezoresistive element may comprise pure or essentially metals 
including, but not limited to, Au, Ag, Ni, Pt, Al, Cr, Pd, W, and metal alloys such as 
Constantan, Karma, Isoelastic, Nichrome V, Pt-W, Pt-Cr, etc. Semiconductor 
piezoresistive elements may comprise doped silicon, AlGaAs or other suitable 
semiconductor materials. 

[006O] The resonator preferably comprises a micron or nanometer sized cantilever. 
However, it should be miderstood that the invention can be used with other 
resonators, including, but not limited to, doubly clamped beams, torsional resonators, 
and diaphragm resonators. Non-limiting examples of doubly clamped beam 
resonators, torsional resonators and diaphragm resonators are disclosed in U.S. Patent 
Apphcation Number 10/826,007, U.S. Patent No. 6,593,731 and PCX Application 
PCT/US03/14566 (published as WO/2004/041998) and its counterpart U.S. Patent 
Apphcation Number 10/502,641, all incorporated herein by reference in their entirety. 
For e?cample, a doubly clamped beam resonator comprises a beam that is fixed on 
both ends, but whose middle portion is fi-ee hanging so that it can flex or move 
perpendicular to its length. A torsional resonator may comprise, in a non-limiting 
example, a flexible diamond or polygonal shaped structure mounted at two anchor 
points and which can move by twisting or turning about an axis between the anchor 
points^ as described and illustrated in U.S. . Patent No. 6,593,731. A diaphragm 
resonator may comprise any plate shaped resonator which is anchored at one or more 
edges and whose middle portion is firee hanging so that it can move or flex in one or 
more directions. An example of a diaphragm resonator is a trampohne resonator. 
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2. Second Embodiment 

[0061] In a second embodiment of the invention, a method of making natioscale 
scamiing probes is described. It should be noted that the method of the second 
embodiment may be used to make the resonator of the first embodiment. However, 
the resonator of the first embodiment may also be made by any other suitable method. 
Furthermore, the method of the second embodiment may be used to make a probe that 
is not used in the system and method of the first embodiment. Still fiirther, while a 
cantilever shaped scanning probe is described, other resonators and sensor/unaging 
devices described above with respect to the first embodiment can be made instead. 

[0062] Preferably, the probes of the second embodiment are used in NEMS adapted 
for scamiing probe microscopy of biological samples. These probes preferably, but 
not necessarily fall into nanoscale size regime described above. For example, the 
thickness of the cantilever can be as thin as 30 mn, such as 30 nm to 150 imi. The 
width of the cantilevers is as narrow as 400 nm, such as 400 to 800 nm. These 
dimensions match the size of the scanned cells themselves and offer high resolution in 
scanning probe microscopes (SPM). Meanwhile, the small dimensions of the 
cantilevers allow them to be operated at much higlier firequencies aud yield faster 
temporal responses, namely as fast as 1 /is. 

[0063] Tlie mass fabrication process of the second embodiment employs a wafer scale 
nanofabrication technique that is capable of producing tens to hundreds of cantilevers 
firom a single silicon wafer. The silicon chips that house the cantilevers may be 
chosen to match the size of the chips used m the SPM market so that conventional 
installation techniques are used. The semiconductor chips, such as silicon chips, also 
have electronic circuits integrated into them so that they can interface directly into the 
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commercial scanning probe microscopes and provide a force-sensitive electrical 
signal. 

[0064] Two tj/pes of mechanical motion detection schemes are disclosed below for 
nanoscale cantilevers: piezoresistive detection and optical detection. The former relies 
on the high piezoresistivity of a piezoresistive film, such as an epitaxially grown 
doped semiconductor layer, for example a p+ silicon layer, or a metal layer formed on 
or in the cantilever. Optical transduction is realized by focusing a radiation beam, 
such as a laser beam onto the end of the cantilever with a micron-scale reflecting pad 
which is disposed near the tip of cantilever, whereby the cantilever deflection is 
amphfied by the optical path traveled from the tip of the cantilever to a spUt photo 
detector. 

[0065] The staxtmg material used for wafer scale fabrication can be divided into three 
sections as diagrammatically depicted in Figure 1 1. The first section is the substrate 
28, such as a handle wafer, which may be a thick (300-500 jtim) Si wafer or another 
semiconductor substrate which will be used to mechanically support the cantilever. 
Handle wafer 28 in one embodiment is oriented in the [100] direction. This 
maximizes the piezoresistive constant along the [110] direction and eases the 
difficulty of fabrication and aligmnent of scanning probes fabricated from the 
structure, 

[0066] The second section is the etch stop layer 24. An etch stop layer may comprise 
any material which exhibits a higher resistance to a given Uquid or gas etching 
medium than the substrate 28, such that when the substrate 28 is etched, the etch will 
terminate on the etch stop layer 24. For example, the etch stop layer 24 may be a thin 
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(400 iim to Ifmi) layer of silicon oxide (i.e. SiOa), silicon nitride or another insulating 
material. 

[0067] The third section is the device layer section 22, For piezoresistive detection, 
the device layer section 22 comprises the cantilever material 20 and the piezoresistive 
film 18. The cantilever material 20 may be a layer of a semiconductor material, such 
as undoped silicon, a compound semiconductor material or metal or semiconductor 
oxide, nitride or carbide, such as Si02, Si3N4, SiC, etc. For example, layer 20 may 
comprise a 60-100 rnn, such as 80 mn undoped silicon layer. 

[0068] The piezoresistive film 1 8 may comprise a metal or doped semiconductor film, 
such as a 30-50 mn, for example a 30 nm p-doped (boron doped) Si layer (4 x 10^^ 
cm" ). Layer 18 may be grown epitaxially on layer 20, by MBE, CVD, etc. 
Altematively, a polysilicon bilayer 18/20 may be used instead. The bilayer can be 
made by plasma enhanced chemical vapor deposition (PECVD) with in-situ or 
subsequent doping. 

[0069] For optical detection, the device section 22 may comprise any suitable layer 
which can be formed into a functional cantilever. Materials such as Si, SiC, SiN, or 
metal (i.e. Au, Al, Pt, etc.) can be used. If the material is transparent (SiC or SiN) to 
the laser's emission used for the optical transduction, a small (1/xm x 1 fim to lO/xm x 
lOfxm wide, 30 nm thick) Au pad shown in Figure 14 can be fabricated at the end of 
the cantilever to maximize reflectivity of the cantilever. 

[0070] The process flow for the fabrication of wafer scale piezoresistive cantilevers 
10 is diagrammatically depicted in Figures 12A - 12F. Figure 12A is a side cross- 
sectional view of the starting material shown in Figure 1 1 . 
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[0071] Then, the electrodes 30 for the cantilevers are formed on the device layer 
section 22, as shown in Figure 12B. The electrodes 30 may be formed by depositing a 
metal or polysihcon layer and then photolithographically patterning it into a desired 
shape. The electrodes 30 comprise ohmic contacts for the cantilever. 

[0072] After forming the electrodes 30, membranes 32 are formed, as shown in 
Figure 12C. The membranes 32 are formed by masking the bottom of the substrate 
28, etching the substrate until the etch stop layer 24 is reached, and then etching the 
etch stop layer with a different etching mediimi to stop on the device layer 22. For 
example, the substrate 28 may be etched using deep reactive ion etching (DRIE) or 
other dry etching methods and the etch stop layer 24 may be etched using wet etching, 
such as a buffered oxide wet etch. An opening 20 is located xmder the membrane 32. 

[0073] Preferably, the support beams 46A, 46B and 48 shown in Figure 13 are 
fabricated m the same step depicted in Figure 12C by etching the substrate 28 and 
etch stop layer 24 to create the support beams at the same time as the membranes 32. 
The support beams 46A, 46B and 48 temporarily connect the probe chip 42 to the 
remainder of the wafer 28 as shown in Figure 13. Support beams 46 A, 46B and 48 
bridge the thin membrane 32 from the wafer 28 and provide a full thickness element 
to provide mechanical connection strong enough to withstand noimal wafer process 
handling. However, supports 46 A, 46B and 48 are not so large that they cannot be 
easily broken when desired by manual or robotic tweezer manipulation. 

[0074] In the step shown in Figure 12D, a cantilever etch mask 34 is 
photolithographically defined over each membrane 32. The mask extends in part over 
wafer 28/electrodes 30 partially and over the membranes 32. 

^24" 
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[0075] The cantilevers 10 are then defined using the etch mask 34 as shown in Figure 
12E. For example, the exposed portions of the membranes may be etched away using 
any suitable etching method, such as electron beam patterning, for example. 
Cantilever fabrication is completed with the removal of etch mask 34 as depicted in 
Figure 12F. 

[0076] Figure 14 is a top plan view of a micrograph of the SPM probe. For 
piezoresistive detection, the piezoresistive film is preferably positioned on legs 36 of 
the cantilever, as shown in Figure 14 and in Figures 5 A and 5B of the first 
embodiment. Laying out a scanning probe using cantilever 10 with electrode legs 
forms a stress concentration region where the current passes through the most 
comphant area of the probe and serves to maximize the piezoresistive response with 
actuation. 

[0077] For optical detection, the scanning probe is designed to include at least 
approximately a 1 fivo? reflective pad 38 near the tip of cantilever 10 as illustrated in 
Figure 14, ia which case legs 36 do not need to contain the piezoresistive fihn. A 
metal pad, such as a 20 nm thick pad 38 of Au, is evaporated or sputtered onto the 
selected area near the probe tip. This reflective area 38 allows diffraction limited 
optical feedback to be utilized in commercial scamiing probe microscope. 

[0078] The fabricated structure with temporary support and release features is shown 
in the top plan diagrammatic view of Figure 13. Figure 13 shows electrodes 30 
deployed on device layer section 22 and cantilevers 10 in the chips 42. The device in 
Figure 13 is adapted for piezoresistive detection and pairs of electrodes 30 provide 
electrical paths for leads. For example, one chip 42 may contain two cantilevers, with 
one cantilever being the sensing cantilever and the other cantilever being a dummy 
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cantilever. Movement of the cantilevers may be detected using the circuits of Figures 
1 A or IB, for example. Other suitable circuits may also be used. 

[0079] Figure 13 shows two release areas 44 adjacent to the chips 42. The release 
areas enable removal of each chip or chips 42 from the wafer by any suitable means, 
such as manual or robotic tweezers or other removal tools. Thus, the chips 42 may be 
separated from the substrate 28 without dicing the substrate 28. 

[0080] Figure 13 also shows three support beams 46 A, 46B and 48 which support 
each cliip 42 on the substrate 28 prior to the removal of the chips from the substrate. 
However, two or more than three support beams may also be used. Figure 13 shows 
two support beams near the tip of the chip and one beam in the back of the chip. 
However, the beams may be arranged at other suitable locations as well. Thus, the 
nimiber and location of the support beams shown in Figure 13 is exemplary and 
should not be considered limiting. 

[0081] As shown in Figure 13, two support beams 46A and 46B are located near the 
tip of chip 42, These beams support and protect membrane 32 from tearing prior to 
defining the scamiing probe cantilever lO. Membrane 32 is the portion of device 
layer section 22 which is left unsupported when the underlying portions of the etch 
stop layer 24 and substrate 28 are removed. A third support beam 48 is also 
connected to the substrate 28 and is used to support rear end of chip 42. Additional 
support beams 50A and SOB may be used to connect and support the release areas 44 
to the substrate 28. The support beams are strong enough to withstand the stresses 
and handling of subsequent wafer-scale processing of the chips while remaining 
compUant enough to be broken to allow chip removal from substrate 28. In the 
illustrated embodiment, the support beams have the dimensions of 25 x 70 x 0. 1 
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microns, but other dimensions could be employed as long as the functional 
requirements of support are satisfied. 

[0082] In one aspect of the second embodiment, each chip 42 and release area 44 is 
surrounded by a thin peripheral membrane 52. The peripheral membrane may be 
formed during the same step as the device membrane 32, as shown in Figure 12C. 
The peripheral membrane 52 may comprise the same material as the device 
membrane 32 (i.e., the device layer 22) an.d may have the same thickness as the 
device layer 22, such as 500 nm or less, for example 80 to 200 nm. Thus, the thin 
peripheral membrane 52 also connects the chips 42 and release areas 44 to the 
substrate 28, but does not provide a sufficient amount of support to support the chips 
42 on the substrate without the thicker support beams. 

[0083] In another aspect of the second embodiment, the peripheral membrane 52 is 
omitted, and each chip 42 and release area 44 are surrounded by a gap instead of the 
peripheral membrane 52. In this aspect, each chip 42 and release area 44 are 
connected to the rest of the substrate 28 only by the support beams, and each chip 42 
has an island-like structure which is structurally connected to the rest of the substrate 
28 only by the support beams. 

[0084] Thus, each cliip 42 and release area 44 are surrounded either by a thin 
peripheral membrane 52 (which provides little if any mechanical support to chips 42) 
or by a gap. Release areas 44 can be manually or mechanically twisted or removed 
by tweezers or other instruments applied to release areas 44 to break support beams 
50A and 50B. The peripheral membrane 52 sxirrounding release areas 44 is also tom, 
but almost all of the mechanical coupling of the release areas 44 to substrate 28 is 
provided by the support beams 50A and 50B. 
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[0085] Witii the release areas 44 removed, then it is an easy matter to similarly 
remove individual chips 42 from wafer 28 using the access then provided for the 
tweezers or* other instruments. La other words, the tweezers or other instruments may 
be inserted into the gaps where the release areas 44 where previously located to grasp 
the chips 42. The chip 42 removal from the sutstrate 28 may be achieved by 
manually or mechanically twisting or stressing supports 46A, 46B and 48 to break 
them. The peripheral membrane 52 surrounding each chip 42 is also torn apart, but 
agaiQ with little mechanical resistance due to its low- thickness. Cantilever 10 which 
was etched from the device membrane 32 is sufficiently separated from the peripheral 
membrane 52 so that tearing or stress applied to the peripheral membrane 52 is well 
isolated and discomiected from cantilever 10. The completed device is now ready to 
be installed in a scannmg probe microscope or other suitable sensor device described 
in the first embodiment in the conventional manner. 



[0086] Figiire 15 shows a plot of power versus frequency for cantilevers 10 fabricated 
according to the second embodiment for optically detected signals at room 
temperature in a vacuum. Figure 16 shows a plot of Sy (i.e., power/frequency) versus 
frequency for cantilevers 10 fabricated according to the second embodiment for 
piezoresistively detected signals at a cryogenic temperature of S^'K. Figure 15 shows 
a cantilever with a Q factor of 218 and a resonance peak at 27.3 kHz while Figure 16 
shows a cantilever with a Q factor of 13,231 and a resonance peak at about 620.22 

ktiz. 



[0087] Thie foregoing description of the invention has been presented for purposes 
of illustration and description. It is not intended to be exhaustive or to limit the 
invention to the precise form disclosed, aad modifications and variations are possible 



28 



wo 2005/081929 PCT/US2005/005597 

in light of the above teachings or may be acquired from practice of the invention. The 
description was chosen in order to explain the principles of the invention and its 
practical application. It is intended that the scope of the invention be defined by the 
claims appended hereto, and their equivalents. All articles, patents and patent 
applications mentioned herein are incorporated herein by reference in their entirety. 



29 



